Hemodynamic shear forces are intimately linked with cardiac development, during which trabeculae form a network of branching outgrowths from the myocardium. Mutations that alter Notch signaling also result in trabeculation defects. Here, we assessed whether shear stress modulates trabeculation to influence contractile function. Specifically, we acquired 4D (3D + time) images with light sheets by selective plane illumination microscopy (SPIM) for rapid scanning and deep axial penetration during zebrafish morphogenesis. Reduction of blood viscosity via gata1a morpholino oligonucleotides (MO) reduced shear stress, resulting in downregulation of Notch signaling and attenuation of trabeculation. Arrest of cardiomyocyte contraction either by troponin T type 2a (tnnt2a) MO or in weak atrium m58 (wea) mutants resulted in reduced shear stress and downregulation of Notch signaling and trabeculation. Integrating 4D SPIM imaging with synchronization algorithm demonstrated that coinjection of neuregulin1 mRNA with gata1 MO rescued trabeculation to restore contractile function in association with upregulation of Notch-related genes. Crossbreeding of Tg(flk:mCherry) fish, which allows visualization of the vascular system with the Tg(tp1:gfp) Notch reporter line, revealed that shear stress-mediated Notch activation localizes to the endocardium. Deleting endocardium via the cloche sk4 mutants downregulated Notch signaling, resulting in nontrabeculated […] 
Hemodynamic shear forces are intimately linked with cardiac development, during which trabeculae form a network of branching outgrowths from the myocardium. Mutations that alter Notch signaling also result in trabeculation defects. Here, we assessed whether shear stress modulates trabeculation to influence contractile function. Specifically, we acquired 4D (3D + time) images with light sheets by selective plane illumination microscopy (SPIM) for rapid scanning and deep axial penetration during zebrafish morphogenesis. Reduction of blood viscosity via gata1a morpholino oligonucleotides (MO) reduced shear stress, resulting in downregulation of Notch signaling and attenuation of trabeculation. Arrest of cardiomyocyte contraction either by troponin T type 2a (tnnt2a) MO or in weak atrium m58 (wea) mutants resulted in reduced shear stress and downregulation of Notch signaling and trabeculation. Integrating 4D SPIM imaging with synchronization algorithm demonstrated that coinjection of neuregulin1 mRNA with gata1 MO rescued trabeculation to restore contractile function in association with upregulation of Notch-related genes. Crossbreeding of Tg(flk:mCherry) fish, which allows visualization of the vascular system with the Tg(tp1:gfp) Notch reporter line, revealed that shear stress-mediated Notch activation localizes to the endocardium. Deleting endocardium via the cloche sk4 mutants downregulated Notch signaling, resulting in nontrabeculated […] Introduction Hemodynamic forces such as shear stress are intimately linked with cardiac morphogenesis and function (1, 2) . In addition to cardiogenic differentiation and transcription factors, intracardiac fluid forces are essential for embryonic cardiogenesis (3) (4) (5) (6) (7) (8) (9) . Occlusion of flow at either the cardiac inflow or outflow tract resulted in hearts with an abnormal third chamber, diminished looping, and impaired valve formation (4) . The myocardium differentiates into 2 layers, an outer compact zone and an inner trabeculated zone. The trabeculae form a network of branching outgrowths from the myocardial wall (10) , and both trabeculation and compaction are essential for normal cardiac contractile function. A significant reduction in trabeculation is usually associated with ventricular compact zone deficiencies, whereas hypertrabeculation (noncompaction) is closely associated with left ventricular noncompaction (LVNC) (11) . LVNC is the third most common cardiomyopathy after dilated and hypertrophic cardiomyopathy in the pediatric population (12) . Its prevalence was estimated from at 4.5 to 26 per 10,000 adult patients referred for echocardiographic diagnosis (12, 13) . However, the mechano-transduction mechanisms underlying trabeculation during cardiac development remain elusive (11) .
We have demonstrated that peristaltic contractions of the embryonic heart tube produce time-varying shear stress (∂τ/∂t) and pressure gradients (∇P) across the atrioventricular (AV) canal in a zebrafish model of cardiac development (14) . The advent of genetic manipulation in zebrafish has enabled the application of the fli1 promoter to drive expression of EGFP throughout the vasculature during embryogenesis (Tg[fli1a:EGFP] y1 ) (15) , thereby allowing for 3D visualization of the moving boundary conditions (2D + time) for computational fluid dynamics (CFD) simulation. However, 4D (3D + time) imaging throughout the cardiac cycle requires fast tissue scanning and deep axial penetration. For these reasons, a laser light-sheet approach known as selective plane illumination microscopy (SPIM) coupled with nongated 4D synchronization algorithm enabled us to capture live 3D cardiac morphogenesis. By illuminating with a thin plane of light and detecting with a high-speed sCMOS camera, we were able to acquire a stack of cardiac sections with both high axial and temporal resolution ( Figure 1 and Supplemental Figures 1 and 2; supplemental material available online with this article; doi:10.1172/ JCI83496DS1). The 4D SPIM imaging technique revealed dynamic architecture in response to changes in hemodynamic forces, cardiomyocyte contraction, and Notch signaling.
To elucidate hemodynamic forces underlying the initiation of trabeculation, we lowered hemodynamic shear forces via (a)
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4-Dimensional light-sheet microscopy to elucidate shear stress modulation of cardiac trabeculation
crossbred Tg(flk:mCherry) with the Tg(tp1:gfp) Notch reporter line to localize shear stress-mediated endocardial Notch activation. In addition, we demonstrated using a dynamic flow system that pulsatile shear stress (PSS) upregulated Notch ligands and target genes in human aortic endothelial cells (HAEC). Overall, interfacing 4D light-sheet imaging with the zebrafish system opens a fundamental direction for demonstrating shear stress modulation of trabeculation to influence contractile function via Notch signaling.
Results
Trabeculation formation. Trabeculation was visualized with the transgenic zebrafish line, Tg(cmlc2:gfp), in which a cardiac-specific promoter drives the expression of GFP in cardiomyocytes. Trabeculation starts to appear after cardiac looping (21) . At approximately 50 hours post fertilization (hpf), 3D SPIM imaging revealed a nontrabecular myocardium ( Figure 1G ). At approximately 60 hpf, trabecular ridges started to form in the region exposed to ventricular inflow across the AV canal ( Figure 1H ). At approximately 70 hpf, these ridges developed into a network of trabecular myocardium ( Figure 1I and ref. 22) . Reduced hemodynamic shear stress attenuated trabecular formation. The gata1a MO microinjection reduced hematopoiesis and viscosity by 90% (16, 17) , leading to a reduction in hemodynamic shear stress and a delayed initiation of trabecular network at 75 and 100 hpf when compared with control Tg(cmlc2:gfp) zebrafish (Figure 2 , C-F, and Supplemental Videos 1 and 2). Furthermore, gata1a MO injection significantly downregulated Notch ligands (delta-like 4 [Dll4], jagged 1 [Jag1], and Jag2), receptor (Notch1b), and downstream signaling components (Nrg1 and ErbB2) (P < 0.05, n = 5) ( Figure 3A Figure 3A ; and Supplemental Video 3). Tg(tp1:gfp) zebrafish allow assessment of Notch activation in response to shear stress (25) . Crossbreeding Tg(flk:mCherry) with Tg(tp1:gfp) lines further localized altered shear stress-activated Notch signaling in endocardium in response to gata1a MO injection ( Figure 4 ), whereas tp1-gfp signal was present outside of the endocardium in response to coinjection of Nrg1 mRNA with gata1a MO. Thus, gata1a MO injection reduced hemodynamic shear forc-microinjection of gata1a morpholino oligonucleotides (MO) at the 1-to 4-cell stage to reduce hematopoiesis and viscosity by 90% (16, 17) , (b) microinjection of troponin T type 2a (tnnt2a) MO to arrest cardiomyocyte contraction in embryos (18, 19) , and (c) genetic mutation of the weak atrium m58 (wea) to inhibit atrial contraction (10, 20) . A myocardium-specific GFP transgene in zebrafish allowed for visualization of the ventricular wall. SPIM imaging characterized the attenuated trabecular myocardial network in response to both gata1a MO and tnnt2a MO injection. Both the wea mutants with noncontractile atrium and cloche sk4 (clo) mutants with deletion of endocardium expressed substantially lower levels of Notch-related genes as compared with those of WT, and both developed nontrabeculated myocardium. Integrating computation with quantitative analyses, we demonstrated that attenuation of trabeculation in response to gata1a MO, erb-b2 receptor tyrosine kinase 2 (ErbB2) inhibitor (AG1478), and wea mutation was associated with decreased ventricular strain and ejection fraction (EF). The aforementioned loss-of-function was rescued with neu-regulin1 (Nrg1) mRNA to restore trabeculation and contraction in association with upregulation of Notch-related genes. We further mutants (26, 27) . At 100 hpf, clo mutants displayed a small and thin ventricle as previously described (refs. 14, 27, Figure 2L , and Supplemental Video 5), accompanied by a reduction in cardiac mRNA for Notch ligands, receptor, and target genes as compared with those of WT ( Figure 3C ). Using the well-calibrated in vitro flow system, HAEC were exposed to PSS with the time-averaged shear stress (τ avg ) at 23 dyn × cm -2 and 1 Hz cycle (28) (29) (30) (31) . We were able to recapitulate PSS-mediated upregulation in endothelial Notch signaling-related genes, which were inhibited in the presence of the ADAM10 inhibitor, GI254023X, which blocks proteolytic cleavage of Notch and formation of Notch intracellular domain (NICD) ( Figure 3D ). In addition, we demonstrated Notch signaling-mediated trabecular formation by inhibiting the translocation of NICD to the nuclei with the γ-secretase inhibitor (DAPT) (32, 33) , where we observed downregulation of cardiac Notch-related gene expression and absence of trabecular formation (Supplemental Figure 3 ). Taken together, hemodynamic forces were implicated in the initiation of trabeculation via endocardial-dependent Notch signaling. EPO-augmented viscosity induced no additional trabecular network. We further cloned erythropoietin (EPO) mRNA, which was injected at the 1-to 2-cell stage at 20 pg/nl to increase hematopoiesis and, thus, blood viscosity (Supplemental Videos 6 and 7, and ref. 34 ). Since heart rates remained regular, assuming that pressure gradients are not affected by injection of EPO mRNA, shear stress increased by keeping the tangential velocity gradient normal. Despite an EPO-augmented time-averaged shear stress, the Notch-related genes were not upregulated, and the trabecular network appeared to be the same as that of WT ( Figure 5 , A and C). We further used isoproterenol (ISO), a β 1 -and β 2 -adrenore-es, leading to downregulation of Notch signaling, whereas coinjection with Nrg1 mRNA restored trabecular formation and resulted in the upregulation of Notch-related genes.
To further elucidate hemodynamic modulation of trabeculation via Notch signaling, we introduced the wea mutants to reduce atrial contraction, leading to reduced ventricular inflow. The wea mutants developed downregulation of cardiac mRNA levels of Notch signaling-related genes as compared with those of WT and developed small, nontrabeculated ventricles ( Figure 2I and Figure 3B). However, microinjection of Nrg1 mRNA (10 pg/nl) to wea mutants at the 1-to 4-cell stage partially rescued trabecular ridges to enhance contractile ventricular function, accompanied with upregulation of Notch signaling genes ( Figure 2J and ref. 10) . In this context, the wea mutants demonstrated that a noncontractile atrium engendered a nontrabeculated ventricle, underscoring the need for synchronized alternating atrial and ventricular contraction to generate hemodynamic forces to upregulate Notch signaling for trabeculation.
The tnnt2a MO inhibited trabecular formation. The tnnt2a MO microinjection inhibited cardiac tnnt2a, leading to the arrest of myocardial contraction and the absence of hemodynamic forces (18, 19) . Microinjection of tnnt2a MO significantly downregulated Notch signaling (P < 0.05 for all comparisons, n = 5) ( Figure 3C ). The tnnt2a MO-injected zebrafish persistently harbored a nontrabeculated and thin ventricular wall at 100 hpf ( Figure 2K and Supplemental Video 4). These observations further support hemodynamic forces underlying the initiation of trabeculation.
The clo mutants attenuated notch signaling and trabeculation. To demonstrate hemodynamic force-mediated Notch signaling in the endocardium, we abolished endothelial lining with the clo (Figure 7 ). This reduction in volume remained persistent in the tnnt2a MO-injected group at 100 hpf. However, Nrg1 mRNA coinjection partially rescued trabecular formation in the gata1a MO group.
To assess contractile function, we analyze time-dependent changes in ventricular strain in terms of circumferential displacement (D) during cardiac cycles in response to gata1a MO and ErbB signaling inhibitor (AG1478) at 50 hpf, 75 hpf, and 100 hpf (Figure 8 , A-C). Treatment with AG1478 significantly reduced strain ceptor agonist, at 50 μM to increase myocardial contractility and heart rate. However, neither Notch-related genes nor trabecular network was significantly affected ( Figure 5 , B and C, and ref. 35 ). Moreover, ISO treatment moderately reduced Notch activation. We further corroborated the effect of ISO in HAEC, where treatment at 24 hours resulted in reduced Notch signaling ( Figure 5D ).
Overexpression of Notch signaling induced abnormal ventricular morphogenesis. We showed that coinjection of Nrg1 mRNA (10 pg/ nl) with gata1a MO and Nrg1 mRNA alone engendered thickened ventricular wall and disrupted trabeculation ( Figure 6A ). Furthermore, both treatments increased Notch signaling and Notch-related genes ( Figure 6B ). Zhao et al. reported that, while Notch signaling in both endo-and epicardium is considered important in cardiac regeneration in response to ventricular amputation, hyperactivation of Notch signaling is found to suppress cardiomyocyte proliferation and heart regeneration in zebrafish (36) . Therefore, our data also suggested that a well-defined level of Notch signaling is indicated as inducing trabeculation during cardiac morphogenesis.
Trabeculation contributed to contractile function. To demonstrate the role of trabeculation on ventricular function, we quantified the volume of trabecular myocardial ridges in response to gata1a MO and tnnt2a MO injection and assessed the effects of Figure 4 , A, C, and D). In the AG1478 group, trabeculation was absent, and the local strain was similar to that of the nontrabeculated regions of control zebrafish (Supplemental Figure 4 , B-D). The combination of reduced atrial contractility and absent active ventricular filling in the wea mutants resulted in a significant reduction in ventricular volume ( Table 1 and Supplemental Figure 5 ). Injection of Nrg1 mRNA to the wea mutants at the 1-to 4-cell stage partially restored trabecular formation ( Figure 2J ) and partially improved the strain, stroke volume, and ventricular contraction (Supplemental during ventricular diastole at 100 hpf ( Figure 8C ), which was accompanied by a decreased fractional shortening ( Figure 8D ). Both gata1a MO and AG1478 treatment reduced ventricular EF, as assessed by the changes in 4D SPIM-acquired ventricular volume during the cardiac cycle ( Figure 8 , E and F). Both groups developed an increased end systolic volume (ESV) and end diastolic volume (EDV) ( Table 1) . Nrg1 mRNA rescue to gata1a MO injection normalized the ventricular strain, fractional shortening, and EF. Interestingly, trabeculated myocardium in the control zebrafish demonstrated higher local strain and local deformation than the Figure 5B ). Thus, the reduced-contractile atrium in the wea mutants is associated with (a) an absence of hemodynamic force to generate active ventricular filling, (b) downregulation of Notch-related genes, and (c) absence of trabeculation to contribute to contractile function. Taken together, hemodynamic shear force-mediated trabeculation contributed to cardiac contractile function (Figure 9 ).
Discussion
The main contribution of integrating 4D SPIM technique with hemodynamic forces resides in the elucidation of the interplay between shear stress and Notch activation in initiating trabeculation during cardiac morphogenesis. By implementing the nongated 4D synchronization algorithm with SPIM, we have unraveled the trabecular network in association with ventricular contractile function. While the development of trabeculation is conserved between the zebrafish and chick, mouse, and human embryos (3, 23, 37-39), there are numerous layers of cardiomyocytes in mice (23) , and there is a thin layer of cardiomyocytes for trabeculation in zebrafish embryos. For this reason, 4D SPIM imaging enables uniform illumination to uncover shear stress-induced endocardial Notch signaling to form a trabecular network for contractile function with high axial, spatial, and temporal resolution. We demonstrated that (a) gata1a MO decreased hematopoiesis to reduce shear stress, (b) tnnt2a MO inhibited ventricular contractile function to reduce hemodynamic shear forces, and (c) wea mutants lacked atrial con-traction, resulting in a reduction of hemodynamic forces to the ventricle. All 3 conditions resulted in downregulation of Notch-related genes and attenuation of trabeculation. As a corollary, clo mutants lacked endocardium, resulting in the absence of trabeculation. Subjecting endothelial cells to PSS in the presence of the ADAM10 inhibitor corroborated that shear stress activated Notch signaling. The use of the Tg(flk:mCherry;tp1:gfp) line further localized and corroborated Notch signaling in endocardium (Figure 4 ). In addition, Notch activation was present beyond endocardium in both the WT and Nrg1 mRNA-rescued groups (Figure 4 , A, C, G, and I). Notch1a is recognized as present in the endothelium during angiogenesis (40) and vascular development (41) . Endothelial cells lining the coronary arteries communicate from endocardium to myocardium to epicardium (42) . As development proceeds, the trabecular myocardium collapses toward the myocardial wall, forming a thick and compact ventricular wall (43) . Recently, Tian et al. reported that trabecular compaction traps endocardial cells to mature into the inner-wall vasculature (44) . Furthermore, Notch signaling in both endo-and epicardium is considered important in cardiac regeneration in response to ventricular amputation (36) . In this context, we speculate that Notch signaling is present from endocardium to myocardium and epicardium via the coronary vasculature. Nevertheless, there remains a complicated role of Notch signaling beyond endocardium to activate Nrg1, and the precise mechanism remains to be investigated. Current imaging techniques, including confocal microscopy, are limited by their intrinsic depth penetration, axial resolution, and long scanning time (45) . Confocal microscopy is oftentimes limited from capturing the entire live zebrafish embryo and the beating hearts due to its small working distance for the objective lens and the long acquisition time. Digital particle image velocimetry (DPIV) is inherently limited in analyzing 3D cardiac mechanics due to its time-dependent 2D image (2D + time domain) and assumption needed for volumetric analysis. Images acquired with the conventional microscopy techniques incur (a) serious background noise due to out-of-focus illumination and (b) low axial resolution due to a large depth of field, whereas our SPIM-based imaging applies 2 separate sets of lenses for illumination and detection through selective plane excitation via laser light sheet, which greatly reduces background noise with the use of long working distance objectives (Supplemental Figure 2 and refs. 46, 47) . Furthermore, the SPIM-based system is able to visualize the neonatal mouse hearts, following euthanasia and optical clearing (48) . SPIM is superior to ultra-high frequency ultrasound (U-HFU) for its capability in tracking fluorescently labeled proteins, cellular structures, and cells of interest with superior spatial resolution (0.6 μm for SPIM vs. ~30 μm for U-HFU) as well as deep penetration into tissues cleared by ClARITY (49, 50) . Thus, we integrated 4D SPIM (3D + time domain) with a postimaging synchronization algorithm to address the irregular periodicity of zebrafish heart rhythms, thereby providing a basis to overcome time-dependent 3D CFD simulation (14) . In this context, our SPIM system has advanced optical imaging for (a) deep axial resolution, (b) large dynamic ranges, (c) fast acquisition, and thus, (d) reduced photo-bleaching/toxicity (Supplemental Figure 1) .
During heart development, the myocardium differentiates into 2 layers: an outer compact zone and an inner trabeculated zone. In the developing nonzebrafish embryonic hearts, trabeculation facilitates oxygenation and nutrition to the myocardium and enhances cardiac contractile function (37) . As development proceeds, the trabecular myocardium collapses toward the myocardial wall, forming a thick and compact ventricular wall (43) . The formation of a multilayered spiral myocardium during the late fetal and neonatal stage is essential for cardiac contractile function (51) . A recent study of the highly trabeculated zebrafish heart demonstrates that Nrg1 and ErbB2, in addition to their role in promoting cell proliferation, have another important function in regulating cardiomyocyte delamination to initiate ventricular trabeculation (23) .
Biomechanical forces upregulate Notch ligands and receptors, and Notch upregulation establishes force-induced proteolysis as a mechanism of cellular mechanotransduction (52, 53) . We demonstrated that PSS (23 dyne × cm -2 at 1 Hz for 24 hours) upregulated Notch activation in HAEC in vitro ( Figure 3D ). We further recapitulated hemodynamic forces-mediated endocardial Notch activation by genetic manipulation of hematopoiesis (gata1a MO), cardiac contraction (tnnt2a Mo), atrial contraction (wea), endocardial endothelial deletion (clo mutants), and localization of Notch activation in endocardium (crossbreeding Tg[flk:mCherry] with Tg[tp1:gfp] Notch reporter line). We further demonstrated that Nrg1 mRNA rescue restored trabeculation in association with an improved ventricular strain and EF. Concomitant upregulation of Notch-related genes, including Dll4, Jag1, and Jag2, suggested that Nrg1 mRNA-restored trabeculation and contractile function is implicated in activation of Notch ligands (Jag1, Jag2, and Dll4) and receptor (Notch 1b) to promote proteolytic cleavage of Notch (52, 53) . Masumura et al. have demonstrated that shear stress further induced time-dependent Notch signaling in murine embryonic stem cell-derived vascular endothelial cells (54) . de la Pompa et al. reported a positive feedback loop between Notch ligands and target genes (55) , and inactivation of Notch in embryonic endocardium results in a decrease in Dll4 expression (24, 56) .
Notch activation by Dll1 or Dll4 in the endocardium results in the transcription of EphrinB2, which in turn regulates Nrg1 (57) . As a secreted factor, Nrg1 signals to the adjacent cells to promote their differentiation into trabecular myocytes. In a parallel pathway, Notch activity in the endocardium activates BMP10 expression in the adjacent myocytes to promote proliferation (57) . Unlike mouse and chick development, ErbB2 contributes to both proliferation and differentiation in zebrafish cardiomyocytes to form a relatively thin layer of myocardium (23) .
Nrg1 contributes to cardiac contractility (57, 58) . Disruption of Nrg1 expression after ischemic insult impairs cardiac contractility (59), whereas Nrg1 preconditioning confers cardiac protection from ischemic injury (60) . Nrg1 mRNA injection rescued trabecu- Methods 4D cardiac SPIM imaging with synchronization algorithm. We have integrated our in-house 4D SPIM imaging system with postprocessing synchronization (Supplemental Methods) to visualize the dynamic cardiac architecture with high axial resolution (Supplemental Figure  1 ). Using the SPIM technique, we scanned 300 sections from the rostral to the caudal end of the zebrafish heart. Each section was captured with 300 x-y planes (frames) at 10-ms exposure time per frame via a sCMOS camera (Hamamatsu Photonics). The thickness of the light sheet was tuned to approximately 5 μm to provide a high axial (z axis) resolution for adequate reconstruction of the 3D cardiac morphology, and the Z scanning was set to 1 μm for lossless digital sampling according to the Nyquist sampling principle. To synchronize with the cardiac cycle, we determined the cardiac periodicity on a frame-toframe basis by comparing the pixel intensity from the smallest during peak systole to the largest ventricular volume during end diastole (61, 62) . The reconstructed 4D images were processed by Amira software (Supplemental Video 8).
Zebrafish embryos. Zebrafish were bred and maintained at the UCLA Core Facility, and experiments were performed in compliance with UCLA IACUC protocols (63) . The transgenic Tg(cmlc2:gfp), Tg(flk:mCherry;tp1:gfp), and Tg(cmlc2:mCherry;tp1:gfp) zebrafish lines were used under the following conditions: (a) control (WT), (b) gata1a MO, and (c) tnnt2a MO microinjection (64) . The gata1a MO reduced hematopoiesis and blood viscosity by 90%, as previously reported (16, 17) . Fluid shear stress (τ) is characterized as the frictional force that acts tangentially on the surface of endothelial cells (65) . For Newtonian fluids, shear stress is defined as follows: τ = μ × du/dy, where μ represents lation to restore cardiac strain (Figure 8 ). This gain of function is suggested by the increase in contractile function-mediated hemodynamic forces to activate Notch signaling ( Figure 3 ). We further demonstrated that shear stress-activated Notch signaling is endocardium dependent. Coinjection of Nrg1 mRNA with gata1a MO restored both trabecular formation ( Figure 2 ) and contractile function ( Figure 8 ). Although increasing Nrg1 mRNA injection from 5 to 10 pg/nl increased Notch-related gene expression by approximately 2-fold, it led to abnormal ventricular morphogenesis, suggesting that a well-defined level of Notch signaling is required for trabeculation ( Figure 6 ). In response to gata1a MO, tnnt2a MO, wea mutation, or AG1478 treatment, Notch-related genes were significantly downregulated, and trabeculation was attenuated or inhibited (Figures 2 and 3) . However, in response to EPO mRNAaugmented shear stress, neither Notch-related genes nor trabeculation were altered ( Figure 5) .
gata1a MO and AG1478 treatment reduced strain and fractional shortening, leading to decreased EF. Interestingly, both gata1a MO-and AG1478-treated embryos developed large ventricular volumes. However, the wea mutants developed small ventricles and low ventricular volumes (Table 1) .
Overall, we provide new mechanotransduction insights into shear stress modulation of cardiac trabeculation via endocardial Notch signaling (Figure 9 ). Interfacing 4D light-sheet imaging with the genetically engineered zebrafish system introduces a dynamic model to establish the significance of blood flow underlying cardiac architecture and function with clinical relevance to noncompaction cardiomyopathy. E3 medium at 30 hpf. Similarly, DAPT (Sigma-Aldrich) at 100 μM in 1% DMSO was diluted in E3 medium to inhibit Notch signaling at 40 hpf. GI254023X, an ADAM10 inhibitor at 5 μM, was added in HAEC culture medium and incubated for 30 minutes. 5 μM of premixed GI254023X was added to the culture medium for HAEC subject to PSS in the ensuing experiments. To increase shear stress in the ventricular cavity, 50 μM of isoprenaline hydrochloride (DL-ISO) (I5627, Sigma-Aldrich) was applied at 50 hpf, thereby increasing heart rate and contractility (35) . Blood shear stress modulation. Shear stress (τ) is characterized as dynamic viscosity (μ) of fluid multiplied by shear rate (r), defined as a gradient of velocity between 2 adjacent fluid layers (68) .
viscosity, and du/dy is the velocity gradient along the y axis perpendicular to the wall (66) . In Newtonian fluid mechanics, reduction in viscosity (μ) by 90% resulted in a proportional reduction in wall shear stress (τ) (22, 67) . The tnnt2a MO inhibited cardiac tnnt2a to prevent cardiomyocyte contraction, leading to noncontractile atrium and ventricle (18, 19) . The clo mutants with specific deletion of endocardium were used to verify endocardium-dependent Notch signaling in response to shear stress. The noncontractile wea mutants (a gift from Deborah Yelon at UCSD) were used to inhibit the development of AV gradients. Tricaine mesylate (0.5%) was used to humanely sacrifice the embryos.
Chemical treatment to modulate trabeculation. ErbB signaling inhibitor AG1478 at 5 μM (Sigma-Aldrich) in 1% DMSO was diluted in employed Amira 3D software to reconstruct the cardiac volume. The ventricular volume without trabeculation was simulated by removing trabecular ridges. The volume of trabecular myocardial ridges was derived by subtracting the volume of smooth curve, ignoring trabecular ridges from the total myocardial volume. Stroke volume and EF. Based on SPIM images with nongated 4D synchronization computational algorithm (61, 62) , the time-dependent changes in ventricular chamber volume throughout the cardiac cycle were measured by Amira. ESV and EDV were obtained by determining the ventricular volume during systole and diastole, respectively. EF was calculated using ESV and EDV (69) .
Preparation of Nrg1 and EPO mRNA for rescue. Human Nrg1 cDNA (a gift from William Talbot, Stanford University, Stanford, California, USA) was amplified from a donor plasmid (purchased from GE Health) and cloned into the plasmid pCS2 + at the BamHI and EcoRI sites (Supplemental Figure 6A) . Clones with the human Nrg1 cDNA insert were selected by PCR screening. Two clones with human Nrg1 cDNA insert were verified by transfecting the plasmids into HEK-293 cells, and Nrg1 protein expression was detected by Western blot with anti-Nrg1 antibody (Supplemental Figure 6B ). mRNA was made from the clone 1 plasmid using the mMessage SP6 Kit (Invitrogen) following the manufacturer's instructions. In vitro-transcribed Nrg1 mRNA was purified with Bio-Rad's Total RNA Isolation Kit for in vivo rescue experiments. Zebrafish EPO cDNA was amplified from a donor plasmid and cloned into pCS2 + at the EcoRI and XhoI sites (Creative Biogene). Zebrafish EPO mRNA was prepared and purified with the same procedure as described above.
Genes knocked down by morpholinos and rescued by Nrg1 mRNA. MO (GeneTools) were designed against the ATG of gata1a (5′-CTG-CAAGTGTAGTATTGAAGATGTC-3′) and tnnt2a (5′-CGCGTGGA-CAGATTCAAGAGCCCTC-3′). Morpholinos were resuspended in nuclease-free water and injected at 8 ng/nl and 4 ng/nl at 1-to 4-cell stages, respectively. Nrg1 mRNA at 5 or 10 pg/nl was coinjected at 1-to 4-cell stages with gata1a MO to overexpress Notch target genes and restore trabeculation. 20 pg/nl of EPO mRNA was also injected at the 1-to 4-cell stage to increase hematopoiesis (34) . Dynamic shear stress model. Confluent HAEC were exposed to PSS at 23 dyn × cm -2 at 1 Hz at a slew rate (∂τ/∂t) of 71 dyn × cm -2 s -1 for 24 hours (29) in a well-defined dynamic flow system (29) . The pulsatile flow simulates hemodynamic shear stress in the arterial system (70, 71) . Notch ligands (Dll4, Jag1, and Jag2) and target genes (hairy and enhancer of split [Hes]) were quantified by quantitative real-time PCR (qRT-PCR) as previously described (31) .
Zebrafish heart RNA isolation for Notch ligands, receptor, and target gene expression. Zebrafish embryos were humanely sacrificed by overdosing with tricaine methylate. The embryonic hearts were isolated under a dissecting microscope as previously described (72) . Total RNA was isolated from the extracted hearts using Aurum Total RNA Mini Kit (Bio-Rad), and cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad). PCR primers for Notch ligands (Jag1 and Jag2, Dll4), receptor (Notch1b), and signaling related genes (Nrg1 and ErbB2) were designed (Supplemental Tables 2-4 ). The mRNA expression levels were determined by qRT-PCR and normalized to zebrafish α-actin.
Statistics. All the values were expressed as mean ± SD. For statistical comparisons between 2 experimental conditions, unpaired 2-tailed t test was used. P < 0.05 was considered significant. Comparisons of multiple (Equation 1) where (∂u x /∂y) is the tangential velocity gradient between 2 adjacent fluid layers. Since shear stress is a function of velocity (∂u x ), injection of tnnt2a MO and use of wea mutants reduced ventricular contractility, which in turn decreased shear stress to the endocardium. In addition, we applied ISO treatment to increase heart rate and contractility, thereby augmenting shear stress. Furthermore, shear stress is also interpreted as time rate of momentum change (ṗ) as the rate of fluid mass (ṁ) acting on the surface per unit area (A) as follows: where ρ is the density of blood, ū is the average molecular speed, ⟨u x ⟩ is the mean velocity along the x axis of fluid molecule hitting the unit area, and λ is the mean free path defined as the average traveling distance of moving particles between collisions. Injecting gata1a MO inhibited hematopoiesis to decrease the hematocrit, leading to a decrease in viscosity, whereas injecting EPO mRNA increased hematopoiesis, leading to an increase in viscosity and shear stress to the endocardium (Supplemental Videos 7 and 8).
Quantification of strain and fractional shortening. To measure 2D ventricular diameter change, we used SPIM imaging to follow the ventricular developmental stages at 50, 75, and 100 hpf via a sCMOS camera. The captured images were segmented to create the 2D moving boundary conditions with 600 nodes (14) . The nodes were guided to replicate cardiac wall motion captured by SPIM segmentation as described previously (14) . Matlab (Mathworks) was employed to calculate the strain as defined by the time-dependent changes in displacement (D) between the individual time steps:
(Equation 5)
The changes in displacement between end diastole and systole were used to calculate the fractional shortening (69):
(Equation 6)
where D o denotes the initial displacement at time = 0, and D at time = Δt. Accuracy of repetition error was tested by calculating the strain of coefficient of variation at end diastole (Supplemental Table 1 ).
3D quantification of the volume of trabecular ridges. To quantify changes in the volume of trabecular myocardial ridges (μm 3 ), we
